Ethylene-propylene-diene terpolymer (EPDM)/wheat husk fibers (WHFs) composites were prepared using a laboratory size tworoll mill. Cure characteristics and some physical properties such as swelling, mechanical, and thermal properties of the vulcanizates were studied. The adhesion status between the WHF and rubber matrix is lacked in general, but it started to reinforce the matrix at higher WHF contents where a higher restriction to molecular motion of the macromolecules with uniformed stress distribution of the fibers is produced. From the TGA analysis, a thermally stable property is exhibited, which in turn partially enhanced the reinforcement of the WHF-EPDM composites due to the natural adhesion during vulcanization.
Introduction
Natural fibers are subdivided based on their origins, coming from plants, animals, or minerals. Natural Plant-fibers are grouped into four types: seed hairs (cotton, kapok), bastfibers (flax, hemp, jute, ramie), leaf-fibers (sisal, henequen, coir, abaca), and wood flour (wheat husk, rice husk) [1] [2] [3] [4] [5] . It is well known that wheat husk fibers were employed in Egypt [1] for a very long time ago for buildings as construction materials mixed with clay. Generally, the different types of natural fibers are used to reinforce plastics (thermosets as well as thermoplastics) and reach the mechanical properties of glass-fiber composites, and they are already applied, for example, in automobile and furniture industries due to their relative high strength and stiffness and low density [5] .
Composites can be tailored to have the desired properties by incorporating particulate fillers into a polymer matrix to suit different applications [6] . For economic and environmental reasons [7, 8] , there is an increasing use of polymer composites filled with lignocellulosic materials such as wood flour, rice husk, wheat husk, jute, and sisal [9] [10] [11] [12] .
The main disadvantage encountered during the incorporation of natural lignocellulosic materials into polymers is the lack of good interfacial adhesion between the two components, especially in the case of rubbers, due to the incompatibility of hydrophilic natural fibers that are to be used as reinforcement with hydrophobic polymer matrix [13, 14] .
Furthermore, these composites are often associated with agglomeration as a result of insufficient dispersion, caused by the tendency of fillers to also form hydrogen bonds with each other during processing [13] [14] [15] . Moreover, the polar hydroxyl groups on the surface of the lignocellulosic materials have difficulty in forming a well-bonded interface with a nonpolar matrix, as the hydrogen bonds tend to prevent the wetting of the filler surfaces [14] [15] [16] .
Many authors [6, [9] [10] [11] [12] [17] [18] [19] [20] [21] have carried out their studies in this area. They had indicated that the incorporation of natural fibers into polymers could improve some desired properties. However, less attention has been paid to the incorporation of natural fibers to form elastomeric composites [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . These composites exhibit combined behavior of the soft, elastic rubber matrix, and the stiff strong fibrous reinforcement. Thus, these fillers or reinforcement aids are added to rubber formulations to optimize properties. It is well known that the wheat husk fibers (WHFs) are regarded as an agricultural waste that suggested important low-cost and environmental friendly filler derived from a In this article, attempts are introduced firstly to estimate the effect of fiber size on the interfacial adhesion between WHF of constant concentration (30 phr) and the EPDM matrix. Secondly, the effect of fiber loading on the interfacial adhesion between fibers of wheat husk and EPDM matrix is evaluated. Oscillating disk rheometric analysis (cure meter) and thermogravimetric analysis (TGA and DTGA) as well as swelling measurements and tensile properties of the composites are studied.
Experimental

Materials.
Wheat husks were obtained from agricultural areas (Beni-Suef, Upper Egypt). Before use, the wheat husks were thoroughly washed several times with tap water followed by three times with deionized water to remove any adhering undesired soil, clay, and dust and finally dried at 102 ± 2
• C overnight. The dried husks were grounded mechanically in rotary cutting mill (10,000 rpm) to the range 2-3.5 mm and then sieved automatically into classification according to their lengths. The investigated fiber lengths were short (<125 μm); SW, medium (125-250 μm); MW, high (250-500 μm); and HW. The chemical composition of the used wheat husk fibers is represented in Table 1 .
Ethylene-propylene-diene terpolymer (EPDM) was E/P ratio, 57/43 with specific gravity 0.87-0.89 gm/cm 3 that supplied from Uniroyal Chemical Co., Inc, Naugatuck, USA. Paraffin wax was used with molecular weight 340-430 and wide melting point • C, while other standard rubber compounding ingredients such as stearic acid, zinc oxide, and sulfur, that are supplied by Transport and Engineering Company, TRANCO, Alexandria, Egypt, were of commercial grades and used without further purification. The organic solvent used for swelling measurements was chloroform; it has a density of 1.49 gm/cm 3 .
Sample Preparation.
The formulations of the mixes are given in Table 2 . The composite materials were prepared in a two-roll laboratory mill (150 mm × 300 mm) that is maintained at nearly 50
• C, as described by the American Society for Testing and Materials ASTM D3184−89. The nip gap, mill/roll speed ratio, and number of passes were kept the same for all mixes. The samples were milled for sufficient time to disperse the fibers in the matrix at a mill opening of 1.25 mm. The WHFs were incorporated at the end of the mixing process and taking into consideration the flow direction of the compound to ensure that the majority of the fibers are in the same direction. Rubber mixes were conditioned at nearly 25
• C for 24 h prior to cure assessment on a Monsanto Oscillating Disc Rheometer-100 (ODR-100) according to ASTM D1646. The vulcanization was carried out in a hydraulic press under a pressure of about 4 MPa, 150
• C for the EPDM compounds and according to the optimum cure time obtained from rheometer data.
Characterization.
Curing properties were measured in a Monsanto ODR-100 rheometer at a temperature of 150
• C (ASTM D1646 and D2084). The compounds were cured according to the obtained respective cure times [31, 32] . Swelling test (ASTM D471) was performed on a uniform circular cut from the compression-molded rubber samples with 5 mm diameter and 2 mm thick by the immersion/gain method [33, 34] in pure chloroform at room temperature for two days to allow the swelling to reach diffusion equilibrium. Dumbbell-shape cutter was employed to punch out the tensile specimens from a 2 mm vulcanized composite sheets and according to the fiber orientations (longitudinal-transverse). Tensile measurements (ASTM D412-98a) were carried out at a crosshead speed of 50 mm/min in a Zwick 1425 tensile testing machine. The tensile strength, σ y , and ultimate elongation, E b %, were determined at room temperature of the examined samples [21, [23] [24] [25] [26] 35] .
Thermogravimetric analysis (TGA) is one of the thermal analysis techniques used to measure the mass change, thermal decomposition, and thermal stability of composite materials [36] [37] [38] [39] .
Results and Discussions
Vulcanization Behavior.
It is well known that the increase in torque is due to either the crosslinking of the rubber or International Journal of Polymer Science 3 the presence of fibers, while leveling off is an indication of the completion of curing. Data of the cure characteristics at different concentrations of WHF-EPDM are represented in Table 3 . The increase in the torque values from the minimum "M L " to the maximum "M H " indicates the increase in the stiffness of the fiber-reinforced materials. It is also shown that the maximum torque of HW has higher values than the rest of composites due to either the improvement in filler dispersion of the higher fiber length employed or the cure enhancement depending on the type of the elastomer/accelerator system employed [31, 32, 40, 41] .
Generally, the results seemed to be dependent mainly on the rubber matrix where the increase in fiber concentration in EPDM mixes does not have a considerable effect on the cure time and scorch time, that is, the rubber phase plays a crucial role in the performance of based natural fiber polymer composites [31] .
Effect of Fiber Length on the Mechanical Properties.
The tensile strength and elongation at break values of EPDM composites containing a constant amount (30 phr) of WHF at the different lengths (SW, MW, HW) are shown in Figure 1 , respectively.
It exhibited that the MW samples of medium fiber length (125-250 μm) in both longitudinal and transverse directions have slightly higher values than other specimens of SW of short length (<125 μm) and HW of high length (250-500 μm) for the measured parameters due to both better and uniform dispersion of the fibers in the EPDM matrix. while HW sample shows a slightly lower value of tensile strength either due to its relatively higher aspect ratio than other samples SW and MW or its higher degree of lignin on its surface that has the tendency to agglomerate through the formation of hydrogen bonding, that is, contains polar hydroxyl groups [15, 16] . Thus, with increasing the hydrogen bonding between the fiber surfaces, the area of contact with the EPDM matrix is lowered. However Klason et al. [21] stated that the aspect ratio of lignocellulosic fibers did not necessarily result in the improvement of the strength of a composite, especially if there was widespread fiber agglomeration in the rubber matrix. Also, the reduction in elongation at break for HW may be contributed by the decreased deformability of rigid interface between the filler and the rubber matrix.
Effect of Fiber Loading on the Mechanical Properties.
The behavior of composites of medium length (MW) containing 0, 15, 30, 40, and 50 phr of WHF on the tensile strength is shown in Figure 2(a) . The results show that the tensile strength decreases as the percentage of filler is increased. Similar results have been observed by several workers [23, 35] . It means that WHFs tend to cling together in bundles and resist dispersion of the individual fibers as fiber content increases. These indicate the lack of adhesion between the fibers and rubber matrix, a major reason for the poor tensile strength up to 30 phr in both directions. But the amount of fibers is sufficient to restrain the matrix after 40 phr, the stress distribution will be uniform, and therefore the fibers start reinforcing the matrix. A similar trend was reported by Murty and De [24] , Setua and De [25] , and Dzyura [26] .
The elongation at break, ε b %, of EPDM composites increases with increasing WHF loading up to a certain concentration (>30 phr) as shown in Figure 2(b) . It means that at more filler loading, ε b %, is decreased with increasing filler loading where a higher restriction to molecular motion of the macromolecules is expected, and so WHF tends to impose extra resistance to flow and lead to lower resistance to break [23] . As elongation is reciprocal to the stiffness of a material [42, 43] , the results show that the fiber imparts a greater stiffening effect than that of unfilled one. Cure time = t C90 , Scorch time = t S2 , Cure Rate Index = CRI = 100/(T C90 − T S2 ). 
Effect of Fiber Loading on the Swelling Measurements.
Several articles have studied the swelling characteristics of filled rubber vulcanizates in a wide range of solvents [33, 34] . At equilibrium the amount of swelling was treated according to the Flory-Rehner theory [44] for the swelling of a rubbery polymer: (1) where V r is the volume fraction of rubber after swelling, χ is the polymer-solvent interaction parameter, V c is the number of "moles" of effective network chain in the initial or unswollen volume V 0 , and V 1 is the molar volume of the solvent. The degree of swelling and crosslinking density as a function of WHF loading are represented in Figure 3 . The uptake solvent, Q t (mol %), values are decreased, while the crosslinking density, v e , values are increased with increasing the WHF concentration in the compound. This is because the chain entanglement increases as the WHF increases, thereby, decreasing the solvent uptake.
The degree of restriction exerted by the reinforcing filler allows an equation of the form given by Kraus [32] [33] [34] :
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The interfacial adhesion between fiber and rubber is estimated from the values of the volume fraction of EPDM in the dry (V I ), swollen (V F ), samples and V T (= V I − V F / V I ) of the WHF-EPDM mixes and is represented in Table 4 .
Composites containing higher contents of WHF have substantially lower V T values than those without filler. Das [22] found that with improved adhesion between fiber and rubber, the factor V T decreased by more than 0.04 units. It means that the higher loading compound would exhibit high resistance to swelling, compared with the unfilled one. Consequently, V F would have a relatively higher value and V T would have a relatively lower value. On the other hand, if bonding is poor, V F will be relatively low, resulting in a high V T value. As the fiber loading increases, the amount of penetrated solvent at equilibrium swelling is decreased. This is due to the increased hindrance exerted by the fiber at higher loading.
Effect of Fiber Loading on the Thermal Properties.
Thermogravimetric analysis (TGA) is used in studying the kinetics of decomposition, which provides an insight into the thermal stability of polymeric materials. A great interest is achieved by adding a new dimension to TGA analysis by the ability to record the first derivative of the weight loss, that is, the DTGA [36] . It is well known that there are many proposed methods to calculate the kinetic parameters of decomposition [36] [37] [38] . Hence, the reported values are depending not only on the experimental conditions but also on the mathematical treatment of the data [39] . Figure 4 shows the thermal degradation patterns of WHF, EPDM, and WHF-EPDM vulcanizates, where the TGA-DTGA curves show primarily their weight-loss % at nitrogen medium and over the temperature range 30-600
• C. Both of the raw husk fibers and the EPDM vulcanizates (MW 0 ) are characterized by a single degradation step. Here the initial minor weight-loss % at around 180-200
• C is due to the presence of volatile matter such as stearic acid [45] . The rate of weight-loss % changes when temperatures are deduced from TGA curves and represented in Table 5 , that is, WHF can be understood through their thermal decomposition by heating process above 216
• C. Hence, the incorporation of WHF in the EPDM matrix introduces a more effective property that means improving the thermal stability. Also, the DTGA curve of EPDM vulcanizates shows a sharp peak indicating that the rate of decomposition is faster compared to that of WHF-EPDM vulcanizates samples.
Further analysis of the thermograms of the WHF-EPDM vulcanizates is given in Table 6 , where it shows that the first degradation steps of the vulcanizates are controlled mainly by the husk fiber and confirmed by the TGA-DTGA curves (cf., Figure 4) .
The incorporation of WHF in the EPDM matrix vulcanizates primarily decreased the maximum rate of decomposition of the second degradation step, T m2 , relative to the unfilled vulcanizates MW 0 (486 • C) as shown in Figure 5 . However, the increase in husk fiber loading increased the rate of decomposition in the first degradation step, T m1 , from 316.54
• C at MW 15 . T m1 , and T m2 show maximum values for the mix MW 30 at 341 and 489.6 o C, respectively, indicating the presence of WHF optimum concentration. Meanwhile, both WHF and EPDM controlled the step T m2 where they occurred in the temperature corresponding to the raw rubber.
Finally, the residue at the end of the degradation is found slightly higher up to the optimum concentration of the WHF due to the formation of stable products during vulcanization. It may contribute to the naturally improved adhesion between WHF and EPDM especially for MW 30 .
Conclusions
The performance of wheat husk fibers "WHF" as reinforcing filler with different lengths and loading for ethylenepropylene-diene terpolymer (EPDM) is examined. From the foregoing discussions, one may conclude that the optimum length "MW 30 " is confirmed by the tensile tests, where these fibers are tend to agglomerate due to the higher degree of lignin on its surface, which in turn increases the hydrogen bonding between the fiber surfaces and lowers the area of contacts.
Furthermore, information about the optimum filler content is detected from the tensile strength values in both directions where the adhesion situation between the WHF up to 30 phr and rubber matrix is lacked. Although with further increase of the filler contents, the stress distribution of the fibers is uniformed and then started to reinforce the matrix, a higher restriction to molecular motion of the macromolecules, the amount of penetrant at equilibrium swelling is decreased, and a thermally stable property is detected from the TGA analysis.
Finally, the reinforcement of the WHF-EPDM composites is acquired due to the naturally improved adhesion between WHF and EPDM during vulcanization especially for MW 30 .
